The importance of intracellular pH (pH i ) in the regulation of diverse cellular activities ranging from cell proliferation and differentiation to cell cycle, migration and apoptosis has long been recognised. More recently, extracellular pH (pH o ), in particular that of relatively inaccessible compartments or domains that occur between cells in tissues, has begun to be acknowledged as a relevant signal in cell regulation. This should not be surprising given the abundant reports highlighting the pH o -dependence of the activity of membrane proteins facing the extracellular space such as receptors, transporters, ion channels and enzymes. Changes in pH affect the ionisation state of proteins through the effect on their titratable groups. There are proteins, however, which respond to pH shifts with conformational changes that are crucial for catalysis or transport activity. In such cases protons act as signalling molecules capable of eliciting fast and localised responses. We provide examples of ion channels that appear fastidiously designed to respond to extracellular pH in a manner that suggests specific functions in transporting epithelia. We shall also present ideas as to how these channels participate in complex transepithelial transport processes and provide preliminary experiments illustrating a new way to gauge pH o in confined spaces of native epithelial tissue.
INTRODUCTION
There has long been an awareness of the physiological importance of intracellular pH and its regulation by the balance of transport of proton or base between the cell and the extracellular medium. 1) From the point of view of pathology, it is known that tumour cells present important alterations in their intracellular acid-base homeostasis and how these are related to the tumoral metabolic phenotype.
2) Extracellular pH, although less studied, is also thought to be important in cell function, particularly in micro-or nanodomains in which the measurement of H ϩ concentration is rather difficult. Nevertheless, transients in extracellular pH (pH o ) in the brain are known to occur in extracellular spaces next to neurons and glial cells in response to neurotransmitters and hormones or as a consequence of changes in metabolic activity and ion transport.
3) A localised change in pH o at the interface between capillaries and end-feet of astrocytes might act as a signal to link neuronal activity and blood flow. 4) In a complex tissue such as the retina, pH o in the vicinity of the photoreceptors is dependent upon light stimulus and controlled by a circadian rhythm. 5, 6) It has also been proposed that epithelia through the process of absorption or secretion of acid or base generate pH o domains, separate from bulk medium, at the apical surface, lateral intercellular spaces, and basal surface. [7] [8] [9] [10] [11] [12] An acid microclimate has been found in the vicinity of the apical surface that is postulated to be important in the transport of nutrients, micronutrients and drugs coupled to H ϩ fluxes. 13) The absorption of short chain fatty acids (SCFA) coupled with sodium across colon epithelium is thought to produce an acidification of the lateral intercellular spaces. 12, 14, 15) Rapid and local pH o transients, and their effects on cellular processes, might be part of intra-and intercellular signaling cascades in nervous systems as well as in other tissues. [16] [17] [18] Understanding the physiological or pathological significance of these changes requires an improved knowledge of how the main actors of this interplay, i.e. transporters and ion channels, are regulated by pH o , and, importantly, monitoring pH o in real time with high spatial and temporal resolution. In the present report we describe recent advances of our understanding of how two ion channels deemed to be of central importance in transepithelial transport processes are regulated by pH o . On the other hand we describe how a genetically-encoded pH o -sensor can be used for measuring pH o in intra-tissue microdomains of native epithelia.
ClC-2, A Cl
Ϫ CHANNEL GATED BY EXTRACELLU-LAR PH Ion channels and transporters usually belong to different protein families. The ClC transport protein family is an exception to this rule, as it harbours both Cl Ϫ ion channel and H ϩ -coupled Cl ϩ (or NO 3 Ϫ ) transporter member. [19] [20] [21] [22] [23] ClC transporters and channels occur in prokaryotes and eukaryotes, and in mammals they are known to fulfill important physiological rôles and are involved in various pathophysiological conditions. 24) Structures of bacterial ClCs have been obtained that shed light on the function of their eukaryotic counterparts. X-Ray diffraction studies reveal a selectivity filter providing a transmembrane pathway for chloride ions which is obstructed at its external opening by a highly conserved glutamate residue side-chain. 25) All regions involved in the selectivity filter in the bacterial ClC are highly conserved in its eukaryote relatives, allowing the building of homology models of these proteins as we have done for ClC-2, 26) an inwardly rectifying plasma membrane Cl Ϫ channel. All ClC family members, save for kidney ClCKs, present a conserved selectivity filter glutamate residue that has been proposed to act as a pore gate swinging in and out of the permeation pathway in ClC channels. [27] [28] [29] ClC-2 gating is more complex than this. This plasma membrane Cl Ϫ channel expressed in various epithelia, the brain and in the heart 30) is gated open by membrane hyperpolarisation, mild extracellular acidification and intracellular Cl Ϫ . 28, [31] [32] [33] [34] [35] [36] As shown in Fig. 1A the conserved glutamate of the selectivity filter plays a central rôle in the activation of the ClC-2 chloride channel by intracellular Cl Ϫ and hyperpolarization. 28) But as shown in Fig. 1B , extracellular pH gates ClC-2 in a complex manner, with activation by moderate acidification superimposed on a complete inhibition by stronger acidification. 28, 37) We have shown 26) that the complete inhibition of ClC-2 by strong acidification requires the presence of extracellular-facing histidine 532 located at the N-terminus end of transmembrane helix Q (Fig. 1A) . Indeed neutralisation of this residue by mutation H532F led to ClC-2 channels activated by acidification but abolished the closure observed at higher [H ϩ ] (Fig. 1C) . On the other hand, it appears that protonation of the side chain of the selectivity filter E207 accounts for activation by acidification, and neutralisation of this residue in ClC-2-E207V led to a channel purely closed at high [H ϩ ] (Fig. 1C) . 26) Interestingly, activation of ClC-2 by acidification, but not its inhibition, is voltage-dependent. Our work 26) showed that voltage-dependence of gating is related to the protonation of the conserved pore gate glutamate. We postulated that the promotion of H ϩ influx into the selectivity filter deep into the pore, and therefore within the voltage-drop across the membrane, was entirely responsible for this effect. Intracellular Cl Ϫ would play a permissive rôle, probably modulating the gate glutamate pK a in a voltage-independent manner. 26) Concerning inhibition by high [H ϩ ], it appears that H532 acts as a sensor in this acidification-dependent gating process. This extracellularly-facing histidine is located at the N-terminus of transmembrane helix Q that, according to our homology molecular model of the channel (Fig. 1A) , connects via a short loop with Y555, a conserved residue that has been suggested to take part in the gating of certain ClC proteins at an intracellular gate located at the cytoplasmic end of the pore. 38) We have preliminary data that suggest that amino acids in the environment of H532 are important in the acidification-induced channel closure and that H532-sensed gating process might be exerted through a long-range action on a putative intracellular gating mechanism located near the 804 Vol. 34, No. 6 (A) Cartoon of a molecular model of ClC-2 highlighting the key residues believed to be involved in pH o -gating. 26) The permeation pore of one of the monomers known to form this homodimeric channel is shown as a light blue solid tube. Gating E207 is in red and is shown in the closed (charged) position. This side chain must swing out of the permeation pathway to open the channel, 27) which in ClC-2 occurs by neutralization brought about by proton influx from the extracellular side (above in this representation). 26) In green are shown a-helices I and J and the I-J extracellular loop that might play a rôle in channel closure by strong acidification. 39) The sensor for this effect, H532, is also depicted in its position at the top of a-helix Q (red). Tyrosine 555, thought to be part of an internal gate is shown in blue. ϩ channel. The model was generated as a homodimer and a single monomer is shown. Helices are identified and the permeation path is shown by K ϩ ions at cation binding sites S 1 , S 2 and the internal cavity. Examination of the model reveals an arginine residue (R224) at the outermost portion of helix M4 and close to the pore region. R224 side chain appears in a hydrophobic environment given mainly by an Ile residue (I90) and only forming a hydrogen bond interaction with a helix P1 asparagine (N87). N103, which replaces a more usual aspartate in the P1 region of the selectivity filter, is also in the vicinity. (B) Extracellular pH-dependence curves of TASK-2 and its mutants R224A, R224H and R224K. HEK-293 cells were transfected with the WT and mutants channel plasmids and measurements were done in the whole-cell recording mode of the patchclamp technique. The pH o -dependence of the currents at 0 mV is described by a Hill equation. Testing the effect of extracellular pH o on the currents reveals that whilst alkalinization activated WT channels with a pK 1/2 of 8.0, R224A-TASK-2 channels were essentially insensitive to extracellular protons. Lysine and histidine are also basic amino acids whose pK a values differ respectively by 2 and 6.5 pH units from that of arginine. Replacement by these amino acids preserves the pH o -sensitivity of the channels but decrease the pK 1/2 for activation (6.97 for R224K-TASK-2 and 5.60 for R224H-TASK-2). Adapted from ref. 47. intracellular pore entrance. 39) 
TASK-2, A LEAK, TWO PORE-DOMAIN K
Potassium channels generally consist of six membranespanning a-helices and one highly conserved P-domain. Two of the transmembrane a-helices and the P-domain organize around a central K ϩ channel pore with four-fold symmetry. 40) K 2P channels, are dimers 41, 42) with each subunit contributing two P-domains to a pore, with identical P-domains facing each other through the pore's centre to form the ion conduction pathway with pseudo-4-fold symmetry. 43) Unlike other K ϩ channels, K 2P channels are open at resting potential and are central to the maintenance of the resting potential and the function of various cells. Although they constitute leak conductances, K 2P channels are highly regulated, among other factors by intracellular pH (pH i ) and pH o . [44] [45] [46] Among K 2P channels gated by pH o , those grouped in the TALK branch of the family, i.e. TWIK-related acid-sensitive K ϩ channel 2 (TASK-2), TALK-1 and TALK-2 (K 2P 5.1, K 2P 16.1 and K 2P 17.1 respectively), are activated by extracellular alkalinization. We have elucidated the mechanism of gating of TASK-2 (and TALK-2) by pH o through molecular simulations, site-directed mutagenesis and functional expression experiments.
47) The pH o -sensor mediating the gating of TASK-2 is an arginine (R224) residue sited towards the extracellular end of TM4 ( Fig. 2A) . The hypothesis that R224 is the sensor is supported by the loss of pH o -sensitivity after its neutralization, and by the modulation of the pH o -sensitivity upon replacement with amino acids of different pK a values. As seen in Fig. 2B , native TASK-2 is activated by extracellular alkalinization with a pK 1/2 of 8.0. Mutating R224 to alanine removed all pH o -dependence whilst mutants TASK-2-R224K and TASK-2-R224H had acid-shifted pK 1/2 values consistent with their lower pK a compared with that of arginine.
Three different gating mechanisms for K ϩ channel gating are known.
48) The first was identified by comparing the structures of KcsA and MthK K ϩ channels in the closed and open state. 40, 49) These differ in the position of the inner helices forming the conduction pathway intracellular to the selectivity filter. The four inner helices bundle together at the intracellular end to form a hydrophobic seal 50) preventing the movement of K ϩ ions. In MthK, the inner helices are bent at a conserved glycine hinge, affording a free path to K ϩ . This type of gating is widespread among K ϩ channels, in particular in K 2P channels that have hinge glycine residues at helices M2 and M4. 51) Evidence for this type of gate has been obtained using the KCNK0 K 2P channel 52) and has been proposed for pH i -gating of TASK-2.
53)
A second type of gating corresponds to a constriction of the selectivity filter, first recognized as C-type inactivation. 54) C-Type inactivation might correspond to the deformation of the selectivity filter of the KcsA channel at low K ϩ concentrations. 55) A decrease in occupancy of the selectivity filter by K ϩ ions leads to its partial collapse. Opening and closing of the Drosophila KCNK0 channel has been demonstrated to entail extracellular K ϩ concentration-dependent C-type inactivation. 56) A similar mechanism has been proposed for pH ogating of TASK-1, TREK-1 and TREK-2.
57)
A third type of gate mechanism, the ball-and-chain inactivation, has not been seen in K 2P channels.
Activation of TASK-2 by extracellular alkalinization is mediated by neutralization of R224 near the second P-domain 47) and involves changes in open probability (P o ) without affecting single channel conductance. 47, 58, 59) We have recently analysed the free-energy profiles delineating ion permeation in TASK-2 selectivity filter, 60) obtaining no evidence for the type of pore collapse consistent with C-type inactivation seen in TASK-1, 61) or the loss of K ϩ binding seen in crystal structures of C-type inactivated KcsA channels. 62) Loss of K ϩ over Na ϩ selectivity is also not present in TASK-2 59, 60) implying that its gating does not involve a collapse of the selectivity filter. Our analysis suggests that charging pH o -sensors in TASK-2 leads to channel closure by a process in which K ϩ ions are trapped at binding site S 1 or S 2 as barriers for translocation become higher than when sensors are neutral. 60) 4. CLC-2 AND TASK-2 PHYSIOLOGICAL FUNCTION: LESSONS FROM KNOCKOUT MICE
Effect of Basolateral pH o in Microdomains of
Renal Tubule Epithelium in the Gating of TASK-2 TASK-2 cDNA was first cloned in 1998 from a human kidney library 59) and later from mouse kidney. 63) Besides renal tissue, TASK-2 is expressed in mouse gut epithelium, salivary glands, liver and lung. 59) TASK-2 has been demonstrated to play a rôle in the regulation of cell volume first in Ehrlich ascites tumour cells and then in proximal tubule cells. 63, 64) Studies using a TASK-2 knockout mouse 65) have shown that its genetic ablation leads to metabolic acidosis and hypotension secondary to renal loss of HCO 3 Ϫ . TASK-2 channels are expressed in retrotrapezoid nucleus neurons known to be important in mediating central CO 2 and O 2 chemosensitivity.
66) TASK-2 channels would maintain retrotrapezoid nucleus neurons hyperpolarized, thus preventing a respiratory increase at low CO 2 partial pressure.
66) The strong ventilatory drive at high partial pressure of CO 2 could be the consequence of a decrease in TASK-2 channel activity perhaps mediated by the recently uncovered pH i -sensitivity of TASK-2.
53)
The proximal tubule reabsorbs 80-90% of filtered bicarbonate for which a precise arrangement of transporters and enzymes is present in the epithelium 67) (right-hand panel of Fig. 3 ). CO 2 originating from filtered bicarbonate under the effect of apical-membrane carbonic anhydrase IV (CA IV) enters the cells cytoplasm. There, protons and bicarbonate are generated in a reaction catalyzed by CA II. Protons exit via the apical NHE3 exchanger in exchange for Na ϩ . Bicarbonate is exported through the cotransporter NBCe1-A located at the basolateral membrane. This cotransporter has a 3HCO 3
Ϫ

/1Na
ϩ stoichiometry, is therefore electrogenic and will have a depolarizing effect. It has been postulated that a K ϩ channel in the basolateral membrane of proximal tubule is necessary to maintain the negative membrane potential thus preventing the collapse of driving force to reabsorb bicarbonate.
Work with the TASK-2 knockout mouse has suggested TASK-2 is responsible for counteracting the depolarising effect of NBCe1-A from a proposed location at the basolateral membranes of proximal tubule cells 65) (Fig. 3, right) . The ex-perimental evidence suggests that efflux of bicarbonate would alkalinise a basal and intercellular space thus activating the pH o -gated TASK-2 channel. This interesting hypothesis unfortunately lacks the key experimental evidence of actual measurements of alkalinisation of the putative pH o microdomain defined by the space between the basolateral plasma membrane and a basal membrane represented by the discontinuous line in the model in Fig. 3. 
A Possible Rôle for ClC-2 in pH o Regulation in Cell Barriers
ClC-2 is widely expressed with a preference for epithelial tissues and brain. 68) In colon, ClC-2 is present at the basolateral membranes of surface epithelial cells where it has been proposed to play a rôle in electroneutral salt absorption. [69] [70] [71] A knockout mouse for ClC-2 presented an unexpected phenotype: animals were blind following a degeneration of photoreceptors and males were infertile as a consequence of the degeneration of germinal cells. 72, 73) Several proposed consequences of ClC-2 disruption could not be demonstrated perhaps because the channel function was compensated by other proteins, becoming critical only in the retina and the testis. Nevertheless, knocking out ClC-2 ameliorates the intestinal phenotype of mouse models of cystic fibrosis (CF). 74) This was interpreted by assuming a rôle for ClC-2 in salt absorption that would normally aggravate the hyposecretory CF phenotype.
The retina and the testis share the characteristic of forming cellular barriers, the retinal pigment epithelium (RPE) and Sertoli cells. These barriers separate photoreceptors and germinal cells from the blood and are the site of ClC-2 is expression. Both, photoreceptors and germinal cells are dependent upon transport across these barriers for their survival and, interestingly, testicular and retinal degeneration occurs at the moment of formation of these barriers. 72) Both photoreceptors and germinal cells affected by the ablation of ClC-2 rely for their metabolism upon lactate that is transported together with H ϩ by MCT monocarboxylate transporters 75) to the extracellular space separating them from their barrier cells. This transport of lactate would decrease the pH in intercellular microdomains at Sertoli-germinal cells and RPE-photoreceptor interfaces. ClC-2, given its location and pH o -gating properties would activate in response to acidification, mediating efflux of Cl Ϫ that would allow exchange with HCO 3 Ϫ through ubiquitous exchangers of the AE family. This Cl Ϫ recycling could be vital for the regulation of pH o in the microdomains and could be therefore central to continuous transport of lactate, an essential metabolite, without the deleterious effect of extracellular [H ϩ ] build-up.
72)
ClC-2 is highly expressed in brain, and has been demonstrated in hippocampus, particularly in end-feet of perivascular astrocytes. 76) Despite this high expression no overt neural phenotype had been found in the ClC-2 knockout mouse. A controversial report associating ClC-2 mutations with epilepsy could not be replicated, 77, 78) turned out to be based on data fabrication 79) and has been retracted. Nevertheless, a more detailed study of the nervous system of the ClC-2 knockout mouse revealed a progressive spongiform vacuolation of the white matter of the brain and spinal cord accompanied by glial activation, but without evidence of neurodegeneration.
78) The authors speculate that ClC-2 would participate in ion concentration homeostasis, including [H ϩ ], of brain extracellular microdomains. Again, direct measurement of these parameters would be crucial for the evaluation of the hypothesis. 806 Vol. 34, No. 6 
IS THERE A pH o MICRODOMAIN AT THE BASO-LATERAL ASPECT OF COLONIC EPITHELIUM?
The short-chain fatty acids (SCFA) acetate, propionate and butyrate, are the main metabolites of anaerobic microbial fermentation of polysaccharides in the more distal parts of the gastrointestinal tract. SCFAs are important nutrients for epithelial cells of the caecum and colon and, especially in herbivores, are an important energy source for the organism.
80) The SCFA concentration in lumen of caecum and colon has been estimated at about 100 mM whilst that in blood is submillimolar. SCFAs are rapidly absorbed and there is debate as to whether they do in the protonated form (neutral) or ionized form. Two SCFA transporters have been identified in the epithelium of the distal intestine: the electrogenic of SCFA/Na ϩ SLC5A8 cotransporter 81, 82) and the SCFA/H ϩ cotransporter MCT-1. 83) While SLC5A8 is expressed exclusively in the apical membrane of enterocytes, MCT-1 is present only in the basolateral membranes. 84) This suggests that a significant portion of the transport of SCFAs from the lumen into the cell occurs by cotransport with Na ϩ while the passage cell-to-blood would be in cotransport with H ϩ (Fig. 3 , right-hand side panel).
Whether SCFA absorption occurs in the protonated form or in acid form (in exchange for bicarbonate or by cotransport with proton) the process must necessarily involve a substantial burden of protons to the enterocytes. SCFA absorption causes transient acidification of the cytoplasm.
85) The mechanisms responsible for the regulation of pH i seem to be localized at the basolateral membrane of enterocytes, and they consist mainly of Na ϩ /H ϩ and Cl Ϫ /HCO 3 Ϫ exchangers, 86) so it is expected that the pH o of the basolateral extracellular spaces undergoes significant changes during the transport of SCFAs. These changes in pH o could affect markedly weak electrolyte transport 87) and, on the other hand, could be deleterious to the cells of the surrounding environment. The expression of ClC-2 at the basolateral membrane of colon surface epithelial cells might play a rôle in contributing to pH o regulation by recycling Cl Ϫ across this membrane, as depicted in the model of Fig. 3 , which might otherwise prevent Cl Ϫ /HCO 3 Ϫ exchange owing to intracellular Cl Ϫ accumulation. ClC-2 is particularly suited to this task, being both activated by extracellular acidification and by an increase in in-
Regardless of the details of the mechanism for the absorption of SCFAs, it is expected that during transport there is a considerable acid load on the intercellular and basal spaces of epithelial cells involved in transport. There have been various attempts to test this hypothesis in recent years using passive equilibrated or transported pH-dyes 10, 88, 89) or a lectinanchored dye. 90) The existence of highly pH-sensitive proteins demands an equally sensitive tool to measure pH with high space and temporal resolution. We have developed a geneticallyencoded extracellular pH sensor that should overcome some of the shortcomings of previous work.
91 ) The sensor, schematically represented in Fig. 4A , is a chimerical protein consisting of a transmembrane segment obtained from a platelet-derived growth factor (PDGF) receptor contained in the pDisplay TM vector, into which we have introduced the coding sequences for the enhanced cyan and yellow fluorescent proteins, ECFP and EYFP, in tandem. To generate an intracellular domain, we used part of the C-terminal region of the aquaporin AQP-4, which determines a basolateral targeting in epithelia. By transfection into cultured cells, we found that this construction generates a protein (which we call pHCECSensor01) expressed in the plasma membrane. When exciting pHCECSensor01 at 430 nm, in addition to obtaining a fluorescent signal at 480 nm corresponding to the emission of ECFP, a fluorescent signal at 525 nm, corresponding to the emission of EYFP, is generated. This indicates that fluorescence resonance energy transfer (FRET) occurs between ECFP to EYFP. The 525/480 fluorescence ratio is highly dependent on extracellular pH with a pK 1/2 of 6.5.
91)
We have now generated transgenic mice expressing the pHCECSensor01 under the control of intestinal tissue specific promoter villin. 92) Analysis of the animals revealed several lines expressing the villin-pHCECSensor01 construct. Figure 4B shows a crypt isolated from the colon of such an animal exhibiting a strong expression of fluorescence at the basolateral membranes of intestinal epithelial cells. Changing the pH o bathing the crypt brought about the expected changes in FRET signal from the pHCECSensor01. Figure  4C shows a time course showing the response of sensor fluorescence to changes in extracellular pH. Ratios were calculated between fluorescence emissions at 535 nm and 485 nm. As expected FRET was greatly decreased by strong acidification but was less responsive to alkalinisation. After normalisation to maximal extrapolated value, the data have been plotted as described previously 91) to produce a FRET intensity-pH o graph (Fig. 4D ). The continuous line shows a fit to a rectangular hyperbola that yielded a pK 1/2 of 6.85. The dotted line in Fig. 4D is taken from our previous work and reveals an acid shift of ca. 0.4 pH units. One interpretation of the data is that the colonic basolateral spaces present a microenvironment that under the conditions of the experiment is more acid than the bulk solution. The calibration experiment was conducted in 4-(2-hydroxyethyl)piperazineethanesulfonic acid (HEPES)/ 2-(N-morpholino)ethanesulfonic acid (MES)-rather than bicarbonate-buffered solutions. As the basolateral membranes have an active Na ϩ /H ϩ exchanger, this might be contributing to the local acid compartment detected. Further work is clearly needed to substantiate this observation and to unravel its underlying mechanism. The animals generated will doubtless be a powerful instrument in understanding the rôle of pH o in restricted intra-tissue domains in the intestinal tract.
CONCLUDING REMARKS
Our review of the gating of two important ion channels proposed to have rôles in transepithelial transport, K ϩ channel TASK-2 and Cl Ϫ channel ClC-2, reveals the lengths to which evolution has gone to in endowing them with complex mechanisms of regulation by the concentration of protons. Through work with the respective knockout animals, these channels have been proposed to be central players in the major mechanism for renal bicarbonate conservation, and in intestinal salt absorption and regulation of extracellular pH in restricted intra-tissue microenvironments. We propose a rôle for ClC-2 in this last capacity in the context of shortchain fatty acid absorption in the distal intestinal epithelium.
The rôles assigned to these channels postulate changes in extracellular pH of diffusion-restricted microdomains, which compel the developement of better temporal and spatial resolution tools for their study. The use of a new genetically-encoded sensor for pH o , pHCECSensor01, expressed in transgenic mice is a promising avenue to fill this gap. We provide preliminary evidence, using pHCECSensor01 specifically targeted to the basolateral membranes of epithelial intestinal cells, of a pH o microclimate in the vicinity of the plasma membrane that could play an important rôle in transepithelial transport. Further work of this type is now needed to test hypotheses invoking shifts in pH o in epithelia both in physiological and pathophysiological situations.
